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(57) ABSTRACT 

A nanoelectronic device is combined With a cellular mem 
brane component to provide a sensor for biomolecules or to 
provide information about the structure of the membrane. 
The nanoelectronic device may comprise a network of 
randomly-oriented nanotubes, or other nanostructure, 
arranged on a substrate With adjacent electrodes so as to 
operate as a ?eld-eiTect transistor sensor or as a capacitive 
sensor. A cellular membrane is disposed over the nanostruc 
ture element. 
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SYSTEM AND METHOD FOR ELECTRONIC 
SENSING OF BIOMOLECULES 

RELATED APPLICATIONS 

[0001] This application claims priority pursuant to 35 
U.S.C. § 119(e) to US. Provisional Application Nos. 
60/622,468 ?led Oct. 25, 2004, 60/660,441 ?led Mar. 10, 
2005, 60/668,879 ?led Apr. 5, 2005, and 60/669,126 ?led 
Apr. 6, 2005, Which applications are speci?cally incorpo 
rated herein, in their entirety, by reference. 

[0002] This application is a continuation-in-part of co 
pending US. application Ser. No. 10/704,066 ?led Nov. 7, 
2003, Which claims priority to Provisional Application No. 
60/424,892 ?led Nov. 8, 2002, and Which is a continuation 
in-part ofapplication Ser. No. 10/345,783 ?led Jan. 16, 2003 
(Which claims priority to Provisional Application No. 
60/349,670 ?led Jan. 16, 2002), and application Ser. No. 
10/656,898 ?led Sep. 5, 2003 (Which claims priority to 
Provisional Application No. 60/408,547 ?led Sep. 5, 2002). 
Each of the foregoing provisional and non-provisional appli 
cations are speci?cally incorporated herein, in their entirety, 
by reference. 

GOVERNMENT RIGHTS 

[0003] Portions of the Work represented by the this appli 
cation have been supported by grants sponsored by the 
United States, and the Government may have certain rights 
to invention disclosed herein. 

BACKGROUND OF THE INVENTION 

[0004] 1. Field of the Invention 

[0005] The present invention relates to the detection of 
biological molecules by nanometer-scale electronic sensors. 

[0006] 2. Description of Related Art 

[0007] Current biological sensing techniques commonly 
rely on optical detection principles that are inherently com 
plex, require multiple steps betWeen the actual engagement 
of the analyte and the generation of a signal, multiple 
reagents, preparative steps, signal ampli?cation, complex 
data analysis and/or relatively large sample siZe. 

[0008] NanoWires and nanotubes, by virtue of their small 
siZe, large surface area, and near one-dimensionality of 
electronic transport, are promising candidates for electronic 
detection of chemical and biological species. Field effect 
transistors (FETs) fabricated from component semiconduct 
ing single Wall carbon nanotubes (NTs) have been studied 
extensively for their potential as sensors. A number of 
properties of these devices have been identi?ed, and differ 
ent mechanisms have been proposed to describe their sens 
ing behavior. Devices that incorporate carbon nanotubes 
have been found to be sensitive to various gases, such as 
oxygen and ammonia, and these observations have con 
?rmed the notion that such devices can operate as sensitive 
chemical sensors. 

[0009] Single-Walled nanotube (“SWNT”) devices, 
including ?eld-effect transistors (“FET’s”) and resistors, can 
be fabricated using nanotubes groWn on silicon or other 
substrates by chemical vapor deposition from iron-contain 
ing catalyst nanoparticles With methane/hydrogen gas mix 
ture at 9000 C. Other catalyst materials and gas mixtures can 
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be used to groW nanotubes on substrates, and other electrode 
materials and nanostructure con?gurations and have been 
described previously by Gabriel et al. in application Ser. 
Nos. 10/099,664 and 10/177,929, both of Which are incor 
porated by reference herein. Currently, technology for con 
structing practical nanostructure devices is in its infancy. 
While nanotube structures shoW promise for use as sensor 
devices and transistors, current technology is limited in 
many Ways. 

[0010] For example, it is desirable to take advantage of the 
small siZe and sensitivity of nanotube and other nanostruc 
ture sensors to sense biological molecules, such as proteins. 
But a useful sensor of this type should selectively and 
reliably respond to a molecular target of a speci?c type. For 
example, it may be desirable to selectively sense a speci?c 
protein, While not responding to the presence of other 
proteins in the sample. Examples of covalent chemical 
attachment of biological molecules to nanotubes, including 
proteins and DNA, are knoWn in the art, although it has not 
been convincingly demonstrated that useful detection of 
speci?c proteins or other large biomolecules can be accom 
plished in this Way. For one thing, covalent chemical attach 
ment has the disadvantage of impairing physical properties 
of carbon nanotubes, making structures of this type less 
useful as practical sensors. In addition, the carbon nanotubes 
are hydrophobic, and generally non-selective in reacting 
With biomolecules. 

[0011] It is desirable, therefore, to provide a nanostructure 
sensing device, such as for example a nanotube device, that 
is biocompatible, and exhibits a high degree of selectivity to 
particular biomolecular targets. 

SUMMARY OF THE INVENTION 

[0012] In accordance With embodiments of the present 
invention, a nanotube sensor architecture is provided, Which 
alloWs the detection of protein-protein interactions and, at 
the same time, reduces or eliminates non-speci?c binding. 
The sensor may be operated as a nanostructure ?eld effect 
transistor, to detect the presence of a speci?c protein or other 
biomolecule. Further provided are methods for making and 
operating the sensing device. 

[0013] A nanostructure device according to the invention 
may comprise a nanotube, such as a carbon nanotube or 
network of nanotubes, disposed along a substrate, such as a 
silicon substrate. The nanotube structure may span tWo 
conductive elements, Which may serve as electrical termi 
nals, or as a source and drain. Apassivation layer, such as of 
silicon monoxide, may be deposited over the conductive 
elements and a portion of the nanotube, leaving a portion of 
the nanotube betWeen the conductive elements exposed. The 
nanotube may be coated With a thin polymer layer, for 
example comprising poly(ethylene imine) (“PEI”) and poly 
(ethylene glycol) (PEG). In this con?guration, the device 
may be operated as an n-type FET, as further described in 
application Ser No. 10/656,898. Advantageously, the poly 
mer layer is hydrophilic and biocompatible, making the 
nanotube device essentially non-reactive to large biomol 
ecules such as proteins. 

[0014] A bioreceptor layer may be attached over the 
polymer layer, con?gured for reactivity to a speci?c bio 
molecule. For example, biotin is knoWn to selectively bind 
to streptavidin. The bioreceptor layer should be con?gured 
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to bind to the polymer layer. For example, a solution of 
biotin-N-hydroxysuccinimide ester reacts With primary 
amines in PEI, thereby binding biotin molecules to the 
polymer layer. The bioreceptor layer may comprise a mono 
molecular layer, comprised of discrete bioreceptor mol 
ecules attached to the polymer layer. 

[0015] The resulting device Will exhibit transconductance 
that varies depending on the presence of the targeted bio 
molecule in its sample environment. For example, a biore 
ceptor layer comprised of attached biotin molecules Will 
selectively bind to streptavidin, causing a measurable 
decrease in transconductance at negative gate voltages. The 
device may therefore be used as a sensor for streptavidin. To 
sense other biomolecules, the device may be provided With 
a different bioreceptor layer that is con?gured to bind to the 
desired target. 

[0016] In an embodiment of the invention, a cellular 
material may be operatively engaged With the nanoelec 
tronic sensor. The cellular material may be selected for 
reactivity With a particular biomolecule or type of biomol 
ecule. For example, a nanotube, netWork of nanotubes, or 
other nanostructure con?gured as a FET or other electronic 
device may be engaged With a portion of cellular membrane 
material. The cellular membrane may be applied over or on 
the nanostructure in different orientations, such as With the 
cytoplasmic side or the extracellular side oriented toWards 
the nanostructure. The cellular membrane material exhibits 
selective reactivity toWards biomolecules depending on its 
orientation and source, Without disrupting the utility of the 
nanoelectronic device as a FET or capacitance sensor. Thus, 
the nanoelectronic sensor may be made to selectively 
respond to various biomolecules that are reactive With the 
cell membrane, or to biomolecules attached to the cell 
membrane, While not being triggered by non-targeted ana 
lytes. 

[0017] A more complete understanding of the biomolecu 
lar sensor Will be afforded to those skilled in the art, as Well 
as a realiZation of additional advantages and objects thereof, 
by a consideration of the folloWing detailed description of 
the preferred embodiment. Reference Will be made to the 
appended sheets of draWings Which Will ?rst be described 
brie?y. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 is a is a schematic diagram of a nanotube 
?eld effect transistor (NTFET) con?gured as a biomolecule 
sensor according to the invention. 

[0019] FIG. 2 is a How chart shoWing exemplary steps of 
a method for making a nanotube biosensor according to the 
invention. 

[0020] FIG. 3A is a schematic of a chemical scheme for 
bonding biotin to a PEI/PEG polymer layer over a nanotube. 

[0021] FIG. 3B is a chart comparing transconductance of 
a native PEI/PEG-coated NTFET device With its transcon 
ductance after 1 hour, and after 18 hours of being reacted 
With biotin-N-hydroxysuccinimide ester. 

[0022] FIG. 4 is a chart comparing transconductance of a 
bare NTFET to a NTFET coated With a PEI/PEG polymer 
layer and a NTFET With a biotinylated PEI/PEG layer. 
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[0023] FIG. 5 is a chart comparing the transconductance 
of a biotinylated, PEI/PEG-coated NTFET device, in the 
absence and presence of streptavidin. 

[0024] FIG. 6 is a chart comparing the transconductance 
of a bare NTFET device, in the absence and presence of 
streptavidin. 
[0025] FIG. 7 is a chart comparing the transconductance 
of a PEI/PEG-coated NTFET device Without biotin recep 
tors, in the absence and presence of streptavidin. 

[0026] FIG. 8 is a chart comparing the transconductance 
of a biotinylated, PEI/PEG-coated NTFET device, in the 
absence and presence of streptavidin that has been complex 
ated With biotin, thereby blocking its binding sites. 

[0027] FIG. 9A is a model of an exemplary cell membrane 
(Halobaclerium salinarum) for use With a nanostructure 
electronic sensor for biomolecule detection. 

[0028] FIG. 9B is a representation of a nanotube netWork 
structure for an electronic biomolecule sensor. 

[0029] FIG. 9C is a schematic diagram shoWing three 
orientation cases of exemplary cell membranes: mixed ori 
entation, cytoplasmic side attached, extracellular side 
attached. 

[0030] FIG. 9D is a representation shoWing an exemplary 
distribution of a cell membrane over a nanotube netWork for 
an electronic sensor. 

[0031] FIG. 9E is a plot of measured cell membrane 
thickness across a section shoWn in FIG. 9D. 

[0032] FIG. 10A is a plot of the device characteristics of 
a nanoelectronic sensor device incorporating a cellular 
membrane material before and after application of cell 
membrane, in a mixed orientation. 

[0033] FIG. 10B is a chart illustrating calculation of 
nanosensor device parameters. 

[0034] FIG. 10C is a plot of the device characteristics of 
a nanoelectronic sensor device incorporating a cellular 
membrane material before and after application of cell 
membrane, With the cytoplasmic side of the cell membrane 
attached. 

[0035] FIG. 10D is a plot of the device characteristics of 
a nanoelectronic sensor device incorporating a cellular 
membrane material before and after application of cell 
membrane, With the extracellular side of the cell membrane 
attached. 

[0036] FIG. 11A-11B are diagrams illustrating cell mem 
brane geometry in a nanotube sensor device. 

[0037] FIG. 12 is a schematic cross section of an exem 
plary capacitance sensor having aspects of the invention. 

[0038] FIG. 13A-13B illustrate an example of an exem 
plary device having aspects of the invention employing 
enZymatic reactions. 

[0039] FIG. 14A-14B are diagrams shoWing exemplary 
devices having aspects of the invention employing liquid or 
buffer gating. 

[0040] FIG. 14C-14D are charts shoWing exemplary elec 
tronic responses of devices having aspects of the invention 
employing liquid or buffer gating. 



US 2006/0228723 A1 

[0041] FIG. 15A-15B are charts showing an exemplary 
changes in device characteristic of an exemplary device 
having aspects of the invention in the presence of an 
adsorbed species S, as in?uenced by electron transfer and 
potential scattering of charge carriers, respectively. 

[0042] FIG. 16A-16B are charts shoWing an exemplary 
response of an exemplary device having aspects of the 
invention in response to NH3 and NO2. 

[0043] FIG. 17A is a diagram of an exemplary virus 
particle such as may be detected using an exemplary nano 
electronic sensor according to the invention. 

[0044] FIG. 17B is a graph shoWing an exemplary 
response to binding of a virus particle in a sensor having 
aspects of the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0045] The present invention provides a nanotube sensor 
to selectively sense biological molecules, that overcomes the 
limitations of the prior art. These advancements have been 
demonstrated by a nanotube sensor according to the inven 
tion, Which has been shoWn to be selectively sensitive to the 
Well-characterized ligand-receptor binding of biotin-strepta 
vidin. 

[0046] In general, the invention provides a sensor archi 
tecture that alloWs the detection of protein-protein interac 
tions, and also reduces or eliminates non-speci?c binding. In 
an embodiment of the invention, an inherently hydrophobic 
NT-FET, covered With a polymer coating layer With hydro 
philic properties, is used as a transducer. The hydrophilicity 
of the polymer layer reduces the af?nity of nanotubes 
toWards non-speci?c protein binding, Which is favored by a 
hydrophobic environment. In the exemplary embodiment 
detailed beloW, biotin is covalently attached to the polymer. 
When in use, the attached biotin binds With the complemen 
tary protein streptavidin, and the formation of the strepta 
vidin-biotin complex is electronically detectable. The 
streptavidin-biotin complex may serve as a model system for 
protein interactions, as it has been extensively studied, and 
the binding is Well understood. HoWever, the invention is not 
limited thereby. 

A Bio-Receptor FunctionaliZed Nanosensor 

[0047] FIG. 1 schematically depicts a sensor 100 that uses 
a carbon nanotube 102 as a transducer. Nanotube 102 is 
covered With a polymer coating 104 that has hydrophilic 
properties and onto Which a bioreceptor molecule 106 is 
attached by a chemical bond to the underlying layer. Biore 
ceptor 106 may be selected for its selectivity in binding to 
a biomolecule target 107. Various receptor/target combina 
tions are knoWn, or may be discovered. In an embodiment, 
the receptor 106 is biotin, and the target 107 is streptavidin. 
Additional bioreceptor molecules of the same or different 
types as molecule 106 may additionally be attached to 
polymer layer 104. A plurality of such bioreceptor molecules 
(not shoWn) may disposed over the surface of the polymer 
layer. The nanotube 102 may be connected to a source 
electrode 108 and a drain electrode 110 on gate 112. A 
passivation layer 114 as knoWn in the art, such as SiO2, may 
cover the gate substrate 112, Which may comprise a silicon 
or other suitable material. 
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[0048] FunctionaliZation via polymer layer 104 in this 
sensor architecture has several advantages. First, the poly 
mer is used to attach molecular receptor molecules to the 
sideWalls of nanotubes, thereby avoiding covalent chemical 
attachment of biological molecules to nanotubes. Second, 
polymer coatings have been shoWn to modify the charac 
teristics of nanotube FET devices, and thus the coating 
process can be readily monitored. In particular, coating 
NTFETs With polyethylene imine (PEI) polymer advanta 
geously shifts the device characteristic from p- to n-type. 
Third, the polymer coating may be useful for preventing 
nonspeci?c binding of proteins. 

[0049] The effect of polymer coating, attachment of a 
bioreceptor, and subsequent capture of a biomolecule by the 
bioreceptor on the transconductance of a sensor device 
according to the invention may be understood as folloWs, 
although the invention is not limited thereby. Coating With 
poly(ethylene imine) (PEI) leads to n-type doping, due to the 
electron-donating NH2 groups. PEI is but one example of a 
polymeric compound that can be utiliZed in such a Way; 
other examples include poly(ethanol amine) as Well as 
poly(ethylene glycol) (PEG) and polytetrahydrofurane 
bis(3-aminopropyl)-terminated polymer. Attachment of a 
bioreceptor, such as biotin, to PEI is through covalent 
binding to the primary NH2 group, Which Would be expected 
to reduce the overall electron donating function of PEI and 
cause a transconductance pro?le that is consistent With 
indicating removal of electrons from the device. As only the 
primary. NH2 sites are involved in binding to biotin, the 
p-type conductance observed before coating is not fully 
recovered. It is reasonable to postulate that upon streptavi 
din-biotin binding, geometric changes occur Which locally 
perturb the coating, thereby reducing the effectiveness of the 
charge transfer and altering the transconductance of the 
device. It is Worth noting that functionaliZation via the 
primary NH2 group of the PEI or other polymer layer could 
be applied to oligonucleotides, as Well as to proteins. 

[0050] Besides providing desirable electrical properties, 
layer 104, due to its hydrophilic qualities, may reduce the 
af?nity of nanotubes toWard protein binding and thereby 
improve the selectivity of the device. A variety of polymer 
coatings and self-assembled mono-molecular layers have 
been used to prevent binding of undesired species on sur 
faces for biosensor and biomedical device applications, and 
may also be suitable for use With the invention. Among the 
various available polymers for coating, poly(ethylene gly 
col) is one of the most effective and Widely used. 

[0051] An exemplary method 200 for fabricating FET 
devices like device 100 With nanotubes as the conducting 
channel is diagrammed in FIG. 2. At step 202, a p-type 
NTFET may be fabricated using nanotubes groWn by chemi 
cal vapor deposition (CVD) on 200 nm of silicon dioxide on 
doped silicon from iron nanoparticles With methane/hydro 
gen gas mixture at 900 deg C. Electrical leads may be 
patterned on top of the nanotubes from titanium ?lms 35 nm 
thick capped With gold layers 5 nm thick, With a gap of 0.5 
to 0.75 um betWeen source and drain. Multiple nanotubes 
may be connected to the source and drain electrodes, With 
the individual tubes varying from metallic to semiconduct 
ing. Consequently, a range of device modulations (expressed 
as the ratio of the “on” to the “o?‘” source-drain current, 
measured at —pl0 V and +10 V gate voltage, respectively) 
may be observed. Such devices Will display p-type transistor 
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behavior prior to functionaliZation With a suitable polymer 
layer. Exemplary devices resulting from the foregoing pro 
cess may have 0.5 pm Wide pairs of electrical leads sepa 
rated by 0.5 to 0.75 pm gaps, and these gaps may be bridged 
by 1 to about 5 nanotubes along a 10 um length of a pair of 
leads. It should be apparent that numerous other con?gura 
tions may also be suitable. 

[0052] At step 204, the device characteristic for the 
NTFET may be determined. As used herein, “device char 
acteristic” refers to the dependence of the source-drain 
current, ISd, Which is a function of the gate voltage Vg, ISCI 
(Vg), measured from +10 V to —10 V. Any other suitable 
measure may also be used to characteriZe the NTFET 
device. The device characteristic may be used later as a 
baseline for subsequent calibration of the device’s electrical 
response. 

[0053] It should be noted that the NTFET examples shoWn 
may be usefully employed With other measurement 
schemes, such as a resistance sensor at Zero gate bias, and as 
a capacitance sensor measuring capacitance, impedance 
and/or like properties of the nanostructure elements (eg 
carbon nanotube network) relative to the gate electrode or 
another reference electrode. 

[0054] After determining the device characteristic, a poly 
mer functionaliZation layer may be deposited over the 
device at step 206. For example, the device may be sub 
merged in a 10 Wt % solution of poly(ethylene imine) (PEI, 
average molecular Weight of about 25000, Aldrich) and 
poly(ethylene glycol) (PEG, average molecular Weight of 
about 10000, Aldrich) in Water overnight, folloWed by 
thorough rinsing With Water. Commercial polyethyleneimine 
(PEI) may be used; this form is highly branched, has a 
molecular Weight of about 25000, and contains about 500 
monomer residues. About 25% of the amino groups of PEI 
are primary With about 50% secondary, and 25% tertiary. 
After the coating process, a thin layer (for example, <10 nm) 
of polymer material should coat the devices. The ?nished 
polymer coating may be observed by atomic force micros 
copy. 

[0055] At step 208, the desired biomolecular receptor may 
be bonded to the polymer layer. If biotin is the desired 
receptor, a polymer-coated device may be biotinylated by 
submerging in a 15 mM DMF solution of biotin-N-hydrox 
ysuccinimide ester (Sigma) at room temperature. This com 
pound readily reacts With primary amines in PEI under 
ambient conditions, leading to changes of the device char 
acteristic as Will be discussed beloW. After soaking over 
night, devices may be removed from solution, rinsed With 
DMF and deioniZed Water, bloWn dry in nitrogen How, and 
dried in a vacuum. FIG. 3A depicts a chemical scheme by 
Which biotin may be attached to the polymer coating. FIG. 
3B shoWs an exemplary transconductance curve for a PEI 
coated device prior to the biotinylating reaction, and after 1 
hour and 18 hours, respectively, of the reaction. 

[0056] The device characteristics may be examined after 
drying, as reported herein. While the device may also exhibit 
a response in a buffer or other ?uid, the examples herein 
should serve to illustrate the changes of the device charac 
teristic, brought about by different chemical and biological 
modi?cations. Such direct correspondence may be some 
What obscured in a buffer environment. 

[0057] Illustrative results are reported beloW. After drying, 
biotinylated polymer-coated devices constructed according 
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to the foregoing description Were exposed to a 2.5 uM 
solution of streptavidin 15 in 0.01 M phosphate buffered 
saline (pH 7.2, Sigma) at room temperature for 15 min. 
Subsequently, the devices Were thoroughly rinsed With 
deioniZed Water and bloWn dry With nitrogen. 

[0058] An atomic force microscope (AFM) image of one 
of the devices after exposure to streptavidin labeled With 
gold nanoparticles indicated the presence of streptavidin. 
Based on the image, it appeared that streptavidin Was 
effectively attached to the biotinylated PEI polymer coating 
the nanotubes. The imaged device comprised a nanotube 
about 800 nm long, and approximately 80 streptavidin 
molecules Were surmised to be in direct interaction With the 
nanotube conducting channel. 

[0059] The device characteristic of the sensor before 
chemical modi?cation Was p-type in an ambient environ 
ment, presumably due to exposure to oxygen. Coating the 
device With the mixture of PEI and PEG polymers resulted 
in an n-type device characteristic, as shoWn by FIG. 4. The 
electronic characteristic of the device after 18 hours of 
biotinylation reaction is also depicted in FIG. 4. Note that 
the p-type conductance observed before coating With PEI is 
not fully recovered after functionaliZation With biotin. 

[0060] The effect of exposing the biotinylated polymer 
coated device to a streptavidin solution and the control 
experiments (conducted on different devices) is shoWn in 
FIG. 5. A striking loss of source-drain current for negative 
gate voltages after exposure to streptavidin and consequent 
streptavidin-biotin binding is evident, With little shift of the 
device characteristic toWard negative or positive gate volt 
age. 

[0061] Several control experiments Were performed to 
demonstrate the effectiveness of the device architecture in 
avoiding false positives and in detecting speci?c protein 
binding. First, the uncoated NTFET device Was exposed to 
streptavidin. A change of the device characteristic, as shoWn 
in FIG. 6, may indicate attachment of streptavidin to the 
device. Note, hoWever, that in this case the primary effect is 
the shift of the device characteristic toWard negative gate 
voltage. In contrast, When the device Was polymer-coated, 
but not biotinylated, no changes occurred upon exposure to 
streptavidin, as demonstrated by FIG. 7. This suggests the 
effectiveness of the polymer coating in preventing direct, 
nonspeci?c interaction of streptavidin With the nanotube. 
Finally, addition of a streptavidin in Which the biotin 
binding sites Were blocked by complexation With excess 
biotin produced essentially no change in device character 
istic of the biotinylated polymer-coated device, as demon 
strated by FIG. 8. 

[0062] Several conclusions on the effect of biomolecules 
on the device electronics may be draWn. First, exposing the 
bare, uncoated device to streptavidin leads to the shift of the 
transconductance toWard negative gate voltages, thereby 
rendering the device less p-type, With little reduction in the 
magnitude of the transconductance. This indicates that the 
primary effect of the nanotube-streptavidin binding is a 
charge-transfer reaction With streptavidin donating electrons 
to the nanotube. Biotin-streptavidin binding has a different 
effect; in this case the current is reduced. At the same time 
the device characteristic is modi?ed only for negative gate 
voltages as shoWn by FIG. 5, leaving the transcoductance in 
the positive gate voltage region unaffected. 
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[0063] Interestingly, similar effects may be observed in 
devices to Which charge carriers Were deposited. Such 
observed effects may be due to localization (delocaliZation) 
of positively (negatively) charged ionic entities by a nega 
tively (positively) charged surface. Such a mechanism may 
also be effective With the disclosed nanotube device, and the 
mechanism may open the Way for electronic modi?cation of 
bioreactions. 

[0064] With improvements in NTFET devices, they may 
also be rendered sensitive enough, that single protein detec 
tion and monitoring can be achieved. As can be inferred 
from FIG. 5, the total change in transconductance exceeds 
the noise level by a factor of about 10. According to the 
AFM image of a device described above, there are approxi 
mately 100 protein molecules in close proximity to the 
carbon nanotube. Combining these tWo numbers, our current 
detection level is estimated to be of the order of 10 strepta 
vidin molecules. 

[0065] Similar detection sensitivity can be inferred from 
experiments We have conducted on uncoated nanotubes 
incubated With streptavidin, for Which illustrative results are 
shoWn in FIG. 6. This is in contrast to the relatively modest 
change observed in devices Where the active element is a 
nanoWireia channel With a substantially larger cross sec 
tion. 

[0066] Thus, label-free electronic sensing With a nanotube 
based transducer as the central sensor element may provide 
other signi?cantly useful features in the detection of bio 
logical molecules. Such sensors are small, fast, require very 
little poWer, and thus generate little heat. The active sensing 
area is siZed for individual proteins or viruses, and small 
sample volume in general, and is extremely sensitive as all 
the current passes through the detection point. Importantly, 
devices can be made speci?c to individual molecules, and 
potentially their response to different molecules can be 
controlled by using chemical and biological functionaliZa 
tion. Direct detection of speci?c oligonucleotides, in some 
Ways, is typically even more challenging, and thus repre 
sents information more valuable than that of detecting 
individual proteins. Oligonucleotides in a sample generally 
shoW a high degree of variation, based on sequence, and 
often species of particular interest are rare from tWo per 
spectives, as a sample can contain populations of many 
oligonucleotide species very similar to the ones of interest, 
and at much higher concentrations. 

Integration of Cell Membranes and Nanotube Network 
Devices 

[0067] Exemplary embodiment of nanoelectronic devices 
having aspects of the invention include the integration of a 
complex biological system and a nanoelectronic device, 
demonstrating that both components retain their functional 
ity While interacting With each other. Various biological 
systems may be suitable, including, for example, cellular 
membranes (Walls). In nature, one function of cellular Walls 
is to selectively transfer biological molecules in or out of the 
cell. This and other aspects of cellular membranes may be 
used in conjunction With a nanoelectronic sensor to provide 
a electronic sensor that selectively responds to biomol 
ecules. Cell membranes from numerous sources are believed 

to be useful in a nanoelectronic sensor, for example, from 
unicellular and multi-cellular organisms, including both 
plants and animals. The characteristics of the cell membrane 
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may vary according to organism and cell type, and a suitable 
membrane may be selected from a diverse array of possible 
sources. In an embodiment of the invention, a cell mem 
brane Halobaclerium salinarum, shoWn modeled in FIG. 
9A, Was used to construct a nanoelectronic sensor. 

[0068] In an embodiment of the invention, the nanoelec 
tronic device may be con?gured generally similar to that of 
FIG. 1, Which includes a nanotube netWork transistor. The 
nanotube device may comprise a random carbon nanotube 
netWork generally of as shoWn in FIG. 9B. FIG. 9B 
represents an image. (amplitude signal) of a exemplary 
nanotube netWork such as may be obtained by atomic force 
microscopy. The nanotube netWork may incorporate many 
individual nanotubes in such a Way that entire patches of cell 
membrane are contacted by nanotubes. In this embodiment, 
the netWork contains many randomly oriented carbon nano 
tubes, groWn on a substrate (silicon oxide on metallic 
silicon) by CVD. Nanotube netWorks may also be formed by 
alternative methods, such as solution deposition, vacuum 
?ltration, and the like. The nanotubes generally occur indi 
vidually, rather than in bundles. 

[0069] In this embodiment, the density is adjusted so that 
the netWork functions as a transistor When in?uenced by a 
bias voltage from a gate electrode, such as a gate voltage 
applied to the buried conductive substrate. Embodiments of 
devices having aspects of the invention include patches of 
cell membrane covered a dense netWork of individual car 
bon nanotubes contacted by metal electrodes (see Bradley et 
al., Flexible Nanotube Electronics, Nano Letters (2003) 3, 
1353-55; and US. patent application Ser. No. l0/846,072, 
?led May 14, 2004, entitled “Flexible nanotube transistors” 
Which is incorporated by reference), referred to as a nano 
tube netWork ?eld-effect transistor (NTN-FET). 

[0070] According to this embodiment, the biophysical 
properties of the membrane are preserved and the nanoelec 
tronic device functions according to its electronic design (e. 
g, as transistors, capacitors and the like) When integrated 
With the membrane. The tWo systems (biological and elec 
trical) should interact to produce measurable effects, useful 
for a range of industrial, scienti?c and medical purposes, 
such as biological or medical sensing and detection, electro 
biological control or data acquisition systems, arti?cial 
neuro-sensory organs, and the like. Further, the interaction 
may be used to determine the charge distribution in a 
biological system, e. g., so as to permit a bioelectronic device 
to be optimally con?gured Without undue experimentation. 
For example, by means of an exemplary embodiment, it Was 
determined that the electric dipole of the example membrane 
protein bacteriorhodopsin is located Z/3 of the Way from the 
extracellular to the cytoplasmic side. 

[0071] Nanobioelectronics, the integration of biological 
processes and molecules With nanoscale fabricated struc 
tures, offers the potential for electronic control and sensing 
of biological systems. As a speci?c example, carbon nano 
tubes have been suggested for use as prosthetic nervous 
implants in organs such as eyes and ears. To achieve this 
goal requires the parallel preparation of fully functional 
biological systems and nanoelectronic systems that are inte 
grated together. One major obstacle is the preservation of 
functionality in both systems. For example, While biological 
systems ranging from lipids to living cells have been 
assembled on nanotube substrates, the nanotubes have 


















